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•  Amorphous  PtRuNiP/C  catalyst  with 
different  disorder  degree  was 
prepared. 

•  Amorphous  PtRuNiP-300/C  catalyst 
showed  high  activity  for  methanol 
oxidation. 

•  The  correlation  between  amorphous 
structure  and  their  activity  was 
established. 
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Amorphous  metallic  nanoparticles  hold  much  promise  for  use  as  electrocatalysts,  as  their  surface  is  rich  in 
low-coordination  sites  and  defects  which  could  act  as  the  electrocatalyt's  active  sites.  In  this  study,  we 
describe  new  findings  on  amorphous  platinum— ruthenium— nickel— phosphorous  nanoparticles  sup¬ 
ported  on  carbon  (PtRuNiPa/C)  and  the  comparison  between  their  catalytic  activity  and  the  degree  of 
disorder.  The  nanoscale  amorphous  structure  with  different  degrees  of  disorder  are  probed  as  a  function  of 
surface  composition,  particle  size,  and  thermal  treatment  conditions  using  X-ray  diffraction,  X-ray 
photoelectron  spectroscopy,  transmission  electron  microscopy,  selected  area  electron  diffraction  and 
electrochemical  characterization.  The  results  provide  experimental  evidence  in  support  of  nanoscale  long- 
range  disorder,  medium-range  disorder,  and  medium-range  order  evolution  dependence  on  the  catalyst 
synthesis  temperature.  More  importantly,  the  results  of  the  electrochemical  performance  investigation 
show  that  the  amorphous  structures  with  medium-range  disorder  have  not  only  better  catalytic  activity, 
but  also  better  durability  for  methanol  oxidation  compared  to  the  long-range  disorder  and  medium-range 
order  structure.  These  results  provide  an  opportunity  for  establishing  the  correlation  between  the  nano¬ 
scale  amorphous  structure  and  their  electrocatalytic  activity  for  methanol  oxidation  reaction,  which  could 
play  an  important  role  in  developing  new  high  active  catalysts  for  direct  methanol  fuel  cells. 
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1.  Introduction 

PtRu  bimetallic  electrocatalysts  are  considered  as  promising 
electrocatalysts  for  direct  methanol  fuel  cells  (DMFC)  due  to  their 
high  catalytic  activity  and  CO  tolerance  [1  .  In  spite  of  making 
extensive  efforts  to  optimize  the  structure  and  morphology  of  PtRu 
bimetallic  catalysts  to  further  improve  their  performance  and,  ac¬ 
tivity,  their  cost  is  still  too  high  to  meet  the  requirements  for 
practical  applications  [2  . 

It  is  well  demonstrated  that  the  electrocatalytic  characteristics 
such  as  activity,  selectivity,  and  stability  rely  heavily  on  the  surface 
atomic  arrangement  and  configurations  associated  with  terraces, 
steps,  kinks  and  vacancies  [3,4  .  During  the  past  decades,  surface 
scientists  have  systematically  studied  the  catalytic  surface/structure 
correlations  using  metal  single-crystal  planes  as  model  catalysts  and 
found  that  the  surfaces  with  an  open  structure  (e.g.  the  high-index 
planes,  denoted  by  a  set  of  Miller  indices  (ft/d)  with  at  least  one  in¬ 
dex  being  larger  than  unit)  usually  exhibit  much  high  activity  and 
stability  [5,6  .  High  catalytic  activity  results  from  the  high-index 
plane  surfaces  with  high  density  of  atomic  steps  and  kinks,  where 
low-coordinated  atoms  can  easily  interact  with  reactant  molecules 
and  serve  as  active  sites  for  breaking  chemical  bonds  [7].  Pt-based 
nanoparticles  with  high-index  facets  have  been  developed  to  meet 
the  requirement  of  anode  catalyst  in  DMFC  [8].  Unfortunately,  it  is 
rather  challenging  to  synthesize  either  high-index  planes  of  bulk 
metals  or  Pt-based  nanoparticles  enclosed  by  high-index  facets. 

Amorphous  alloys  are  a  kind  of  metastable  materials  with  long- 
range  disordered  but  short-range  ordered  structure  [9  ,  which 
enable  amorphous  alloys  to  form  a  plenty  of  low-coordination  sites 
(terraces,  steps,  corner  atoms)  and  defects  on  the  surface  [10,11  .  It 
is  well-documented  that  low-coordination  sites  play  important 
roles  in  catalysis.  Ni  and  Co-based  amorphous  alloys  have  been 
employed  as  catalysts  in  many  hydrogenation  reactions  12,13  .  Due 
to  their  superior  corrosion  resistance,  amorphous  alloys  show  very 
good  stability  during  the  catalysis  process  10,11  . 

In  the  field  of  electrochemical  catalysis,  only  a  few  studies  have 
been  reported  on  the  amorphous  electrocatalysts.  For  instance, 
NiNbPt-based  amorphous  electrocatalysts  prepared  by  ball  milling 
showed  good  electrocatalytic  activity  for  small  organic  molecule 
oxidation  [14].  PtRu-based  amorphous  electrocatalysts  synthesized 
by  chemical  methods  for  small  organic  molecule  oxidation  were 
rarely  explored.  Therefore,  it  is  an  interesting  work  to  develop 
amorphous  structured  PtRu-based  catalysts  with  enhanced  activity 
and  stability. 

Phosphorus,  an  inexpensive  metalloid  element,  has  several 
valence  electrons.  Some  studies  found  that  P  element  can  enhance 
the  electrocatalytic  activity  for  small  organic  molecule  oxidation 
[15-18  .  Incorporating  P  into  noble  metal  electrocatalysts  has  the 
following  merits:  (i)  particle  size  reduction,  which  increases  the 
amount  of  active  sites  [18,19];  (ii)  reduction  of  particle  agglomer¬ 
ation  during  the  long-term  operation  of  the  fuel  cell,  leading  to  the 
good  stability  of  electrocatalysts  [18];  (iii)  changes  on  the  electronic 
states  of  the  metal  elements,  resulting  in  the  enhanced  amount  of 
Pt°  formed  in  the  electrocatalysts  [20  .  Moreover,  it  was  proven  that 
the  small  nanoparticle  size  of  the  crystalline  PtRuNiP  catalyst 
enhanced  its  catalytic  activity  for  methanol  oxidation  [21  . 

Based  on  the  above  considerations,  we  synthesized  PtRuNiP 
nanoparticles  with  an  amorphous  structure  (denoted  as  PtRuNiPa/ 
C)  highly  dispersed  on  the  carbon  surface,  and  investigated  its 
catalytic  activity  towards  methanol  oxidation  reactions.  Moreover, 
the  nanoparticles  with  various  degrees  of  crystallinity,  e.g.  various 
degrees  of  disorder  [22],  were  also  prepared  by  heat-treatment  at 
the  appropriate  temperature  and  their  electrochemical  perfor¬ 
mances  were  also  systematically  investigated.  Comparison  of  the 


results  showed  that  the  amorphous  PtRuNiP  electrocatalyst  after 
heat-treatment  at  300  °C  exhibited  the  highest  electrocatalytic 
activity  and  durability. 

2.  Experimental 

2.2.  Preparation  of  PtRuNiP/C  catalysts  with  different  degrees  of 
crystallinity 

Amorphous  PtRuNiP/C  catalyst  was  prepared  by  a  NaBH4 
reduction  reaction  in  an  aqueous  solution.  The  detailed  preparation 
process  could  be  described  as  follows:  475  mg  of  NiCl2-6H20,  and 
318  mg  of  NaH2P02  H20  were  dissolved  in  aqueous  solutions  and 
stirred  for  0.5  h.  The  pH  of  the  system  was  adjusted  to  ~7.5  by  the 
drop  wise  addition  of  a  6  mol  IT1  NaOH  solution  with  vigorous 
stirring.  And  then  3.41  mL  of  20  mg  mL-1  H2PtCl6  and  1.76  mL  of 
20  mg  mL-1  RuCb  was  rapidly  added  to  the  solution  and  with 
continuous  stirring  for  another  0.5  h.  Pretreated  carbon  black 
Vulcan®  XC72R  (250  mg)  was  added  to  the  mixture  under  stirring 
conditions.  Afterward,  20  mL  of  0.2  mol  L-1  NaBH4  aqueous  solu¬ 
tion  was  added  slowly  to  the  mixture  to  react  for  12  h.  The  product 
(PtRuNiP/C)  was  collected  by  filtration,  washed  with  6  mol  L-1 
ammonia  solution,  then  with  deionized  water  several  times  and 
kept  in  ethanol  solution. 

The  product  was  then  thermally  treated  in  a  tube  furnace  under 
N2  atmosphere  at  300,  500,  and  700  °C  for  2  h,  respectively.  The 
obtained  products  were  then  denoted  as  PtRuNiP-300/C,  PtRuNiP- 
500 /C,  and  PtRuNiP-700/C,  respectively.  For  comparison,  PtRu/C 
catalyst  was  prepared  using  the  same  procedure  but  the  absence  of 
the  precursor  of  Ni  and  P. 

2.2.  Physical  characterization 

The  catalysts  were  characterized  by  recording  their  X-ray 
diffraction  (XRD)  patterns  on  a  Rigaku  D/Max-2400  (Japan),  using 
filtered  Cu-Ka  radiation  (A  =  0.15418  nm),  generated  at  50  kV  and 
150  mA.  Scans  for  26  values  were  recorded  at  4°  min-1  between  10 
and  90°.  Transmission  electron  micrographs  (TEM),  high  angle 
annular  dark  field  scanning  transmission  electron  microscopy 
(STEM)  images  and  selected  area  electron  diffraction  (SAED)  pat¬ 
terns  of  the  catalysts  were  taken  on  a  JEOL  (JEM-2000  FX)  micro¬ 
scope  operating  at  200  kV.  Energy  dispersive  spectroscopy  (EDS)  in 
the  STEM  mode  was  employed  for  determining  elemental  compo¬ 
sition  of  either  individual  particle  or  several  particles.  The  crystal¬ 
lization  behavior  study  was  performed  with  a  diffractometer 
scanning  calorimetry  (DSC)  instrument  system  (Mettler  Toledo)  at 
a  scan  rate  of  20  °C  min-1  up  to  800  °C  under  N2  atmosphere.  X-ray 
photoelectron  spectra  (XPS)  were  acquired  with  a  VG  Escalab  210 
spectrometer  fitted  with  a  Mg  300  W  X-ray  source. 

2.3.  Electrochemical  measurements 

The  electrochemical  measurements  of  the  catalysts  were  per¬ 
formed  using  the  electrochemical  work  station  CHI  650D.  A  com¬ 
mon  three-electrode  electrochemical  cell  was  used  for  the 
measurements.  The  counter  and  reference  electrodes  were  a  plat¬ 
inum  wire  and  an  Ag/AgCl  (3  mol  L'1  KC1)  electrode,  respectively. 
The  working  electrode  was  a  glassy  carbon  disk  (5  mm  in  diameter). 
The  thin-film  electrode  was  prepared  as  follows:  5  mg  of  catalyst 
was  dispersed  ultrasonically  in  1  mL  Nafion/ethanol  (0.25%  Nafion) 
solution  for  15  min.  8  pL  of  the  dispersion  was  transferred  onto  the 
glassy  carbon  disk  using  a  pipette,  and  then  dried  in  the  air.  The 
stable  cyclic  voltammograms  (CVs)  were  recorded  after  24  cycles. 
All  potentials  initially  measured  versus  the  Ag/AgCl  electrode  were 
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Fig.  1.  Continuous  heating  DSC  curves  of  PtRuNiPa  sample  at  a  heating  rate  of 
10  °C  min-1. 


Fig.  2.  The  XRD  patterns  of  the  PtRuNiP/C  catalysts. 


converted  to  a  RHE  scale  by  adding  0.197  V  (the  potential  of  the  Ag / 
AgCl  reference  measured  against  RHE). 

3.  Results  and  discussion 

The  optimization  of  the  heat-treatment  temperature  of  the 
amorphous  PtRuNiPa/C  to  obtain  the  appropriate  structure  was  the 
first  goal  of  the  study.  Here,  DSC  measurement  (see  Fig.  1 )  was  used 
to  study  the  crystallization  behavior  of  the  amorphous  PtRuNiPa/C. 
Considering  the  presence  of  carbon  support  which  may  make  the 
data  analysis  difficult,  un-supported  sample  was  prepared  for  using 
in  DSC  measurement.  One  weak  exothermic  peak  at  around  700  °C 
can  be  observed  in  Fig.  1,  which  indicates  that  the  phase  trans¬ 
formation  and  crystallization  of  PtRuNiPa  nanoparticles  occurred  at 
this  temperature  [12,23,24].  On  the  other  hand,  it  was  reported  that 
the  surface  segregation  of  PtRu  alloy  also  occurs  at  the  temperature 
range  from  ca.  200-500  °C  under  different  atmospheres  [25-27]. 
Thus,  the  amorphous  PtRuNiPa/C  catalyst  was  heat  treated  at  three 
temperatures  i.e.  300,  500  and  700  °C,  respectively,  and  the  prod¬ 
ucts  were  further  studied.  These  products  were  denoted  as 
PtRuNiP-300/C,  PtRuNiP-500/C,  and  PtRuNiP-700/C,  respectively. 

The  XRD  patterns  of  all  the  prepared  catalysts  are  presented  in 
Fig.  2.  All  catalysts  show  a  diffraction  peak  at  about  24°,  which  cor¬ 
responds  to  the  (200)  reflection  of  the  hexagonal  structure  of  Vulcan 
carbon.  For  the  PtRuNiPa/C  catalyst,  no  clear  peak  can  be  observed, 
suggesting  that  the  structure  of  PtRuNiPa  nanoparticles  is  amor¬ 
phous  and/or  the  crystallite  size  is  very  small  [28-30].  For  PtRuNiP- 
300 /C  catalyst,  a  weak  broad  peak  within  a  wide  26  range  (36-49°) 
was  observed,  without  any  trace  of  sharp  peaks  related  to  the  peri¬ 
odic  lattice,  which  suggests  that  the  PtRuNiP-300/C  catalyst's 
structure  is  still  amorphous.  The  relative  strong  intensity  of  a  broad 
peak  at  ca.  43°  was  observed  after  the  catalyst  was  heat-treated  at 
500  °C.  This  is  a  result  of  annihilation  of  point  defects  and  dislocation 
[31,32  or  partial  crystallization  [33  .  After  heat-treatment  of  the 
product  at  700  °C,  the  XRD  spectrum  showed  two  new  peaks  at 
around  40  and  43°,  which  corresponds  to  the  (110)  plane  of  crys¬ 
talline  Pt  alloy  and  (112)  reflection  of  crystalline  Ni3P  phase  (JCPDS 
card  No.  34-0501),  indicating  that  the  phase-separated  and  the 
nanocrystalline  structure  is  formed  at  around  700  °C  [34,35]. 

Another  technique  used  to  give  further  information  on  struc¬ 
tural  changes  is  SAED  patterns,  which  is  shown  as  Fig.  3.  A 


Fig.  3.  The  SAED  patterns  of  the  PtRuNiPa/C  (a),  PtRuNiP-300/C  (b),  PtRuNiP-500/C  (c)  and  PtRuNiP-700/C  (d)  catalysts. 
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Fig.  4.  TEM  images  and  the  line-scan  EDX  profiles;  the  insets  are  the  corresponding  histogram  of  PtRuNiP  particle  size  distribution  in  a-d  and  the  STEM  images  in  e-h,  of  the 
PtRuNiPa/C  (a  and  e),  PtRuNiP-300/C  (b  and  f),  PtRuNiP-500/C  (c  and  g),  and  PtRuNiP-700/C  (d  and  h)  catalysts,  respectively;  The  scale  of  red  line  in  STEM  images  is  consistent  with 
that  of  horizontal  axis  of  the  line-scan  EDX  profiles.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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continuous  hollow  ring,  which  is  a  typical  diffraction  pattern  of  an 
amorphous  material,  can  be  observed  in  Fig.  3a,  confirming  the 
amorphous  structure  of  PtRuNiPa/C  [36].  For  the  SAED  patterns  of 
the  products  heat  treated  at  300  and  500  °C  (Fig.  3b  and  c),  no 
change  was  observed  when  compared  to  that  of  PtRuNiPa/C,  indi¬ 
cating  that  the  structure  was  still  amorphous.  However,  for  the 
700  °C  heat  treated  catalyst,  some  Laue  spots  were  observed 
(Fig.  3d)  indicating  that  the  crystalline  structure  was  formed  [37]. 
The  SAED  results  confirmed  the  results  of  the  XRD  and  DSC. 

Fig.  4a-d  provides  TEM  images  of  the  four  catalysts  and  the 
corresponding  rough  histogram  of  the  particle  size  distributions 
obtained  by  measuring  about  100  randomly  selected  particles  in 
the  red  box.  Fig.  4e— h  shows  the  line-scan  EDS  profiles  and  the 
corresponding  STEM  images  (the  insets).  From  Fig.  4a,  it  is  evident 
that  the  PtRuNiPa  nanoparticles  are  evenly  distributed  on  the  car¬ 
bon  surface,  and  the  nanoparticle  size  distribution  ranges  from 
-1.0-5.0  nm  with  the  average  particle  size  of  ca.  1.8  nm.  The 
composition  of  PtRuNiPa/C  was  analyzed  by  EDS  and  results  are 
shown  in  Fig.  SI  (Supporting  information).  The  quantitative 
elemental  analysis  shows  that  the  Pt:Ru:Ni:P  atomic  ratio  is  nearly 
1.0:1.6:2.6:3.0,  and  the  loading  of  PtRuNiP  nanoparticles  is  ca. 
19.8  wt%,  which  is  obviously  lower  than  the  normal  loading, 
implying  that  the  metal  precursors  were  partially  reduced.  The 
distribution  profile  of  the  elements  is  shown  in  Fig.  4e,  in  which  the 
corresponding  STEM  images  are  presented.  It  can  be  seen  that  Pt 
manifests  itself  in  two  peaks,  and  the  same  is  observed  for  all  the 
other  elements.  The  positions  and  widths  of  the  peaks  of  all  the 
elements  match  well  with  each  other,  showing  that  the  four  ele¬ 
ments  were  evenly  distributed  in  the  PtRuNiPa  nanoparticles. 

In  the  TEM  image  of  PtRuNiP-300/C,  which  is  presented  in 
Fig.  4b,  the  PtRuNiP-300  nanoparticles  have  a  uniform  and  narrow 
size  distribution  with  an  average  diameter  of  3.0  nm.  From  this,  it  is 
evident  that  the  heat-treatment  at  300  °C  induces  agglomeration, 
which  results  in  the  increase  in  particle  size.  However,  the  distri¬ 
bution  profile  of  the  elements  presented  in  Fig.  4f  shows  that  the  Ni, 
P,  Ru  and  Pt  elements  are  evenly  distributed  in  the  PtRuNiP-300 
nanoparticles.  Similarly,  with  PtRuNiP-500/C  (Fig.  4c)  and 
PtRuNiP-700/C  (Fig.  4d  and  h),  nanoparticles  are  also  uniformly 
dispersed  with  an  average  particle  size  of  3.5  nm  and  3.7  nm, 
respectively,  with  the  distribution  of  the  four  elements  also  similar 
to  that  of  the  PtRuNiPa  and  PtRuNiP-300  nanoparticles  (Fig.  4e). 

As  shown  in  Fig.  5,  the  range  of  the  nanoparticle  size  broaden, 
and  the  average  particle  size  increases  as  the  temperature  of  heat- 
treatment  increases  from  300  to  700  °C.  On  the  other  hand,  the 
uniform  distribution  of  the  Pt,  Ru,  Ni  and  P  elements  from 


PtRuNiPa/C  to  PtRuNiP-700/C  indicates  that  the  alloy  structure  did 
not  change  with  the  heat  treatment  temperatures. 

XPS  analysis  was  carried  out  to  determine  the  surface  compo¬ 
sition  and  the  valence  state  of  the  catalysts.  The  XPS  survey  spectra 
of  the  all  catalysts  are  shown  in  Supporting  information,  Fig.  S2,  in 
which  O  1  s,  C  1  s,  P  2p,  Ru  3p,  Pt  4f,  and  Ni  2p  signals  were  detected. 
By  calculating  the  peak  areas  of  elemental  Pt,  Ru,  Ni,  and  P,  the 
surface  compositions  of  the  four  catalysts  are  provided  in  fable  1. 
The  content  of  Ru,  Ni  and  P  follows  a  volcano  curve  trend  compared 
to  that  of  Pt,  i.e.  initially  the  content  increases  from  PtRuNiPa/C  to 
PtRuNiP-500/C  and  then  decreases.  By  investigating  the  composi¬ 
tion  change  of  PtRu/C  catalyst,  Wang's  group  [25,38,39]  found  that 
the  process  of  Ru  surface  segregation  driven  by  atmospheric 
attraction  competes  with  the  Pt  surface  segregation  driven  by  the 
surface  energy.  Thus,  the  surface  segregations  induced  by  the  sur¬ 
face  energy  and  the  atmospheric  attraction  lead  to  the  composition 
change  on  the  surface  of  PtRuNiP  nanoparticles. 

The  Pt  4f  XPS  of  the  four  catalysts  are  shown  in  Fig.  6.  The 
spectrum  can  be  fitted  into  three  pairs  of  doublets  in  all  catalysts. 
The  highest  intense  doublet  is  the  Pt(0)  peaks  of  metallic  state,  the 
middle  one  is  the  oxidation  state  Pt(II)  in  PtO  and  Pt(OH)2-like 
species,  and  the  lowest  one  can  be  assigned  to  a  higher  oxidation 
state  Pt(IV)  [40,41  .  The  fitting  results  of  the  Pt  4f7/2  component  are 
listed  in  fable  1.  It  can  be  observed  that  Pt  in  all  the  catalysts  is 
predominately  presented  in  the  zero  valent  metallic  state,  and  the 


Table  1 

Assignments,  binding  energies  (BEs)  and  concentrations  of  Pt  4f  species  in  various 
catalysts  obtained  from  XPS  results. 


Catalyst 

Pt:Ru:Ni:Pa 

Pt  4f7/2 

BEb 

Concentration 

PtRuNiPa/C 

1 .0:2.5 :2.1 :2.5 

Pt(0) 

71.9 

0.25 

pt(n) 

72.7 

0.45 

Pt(IV) 

74.4 

0.30 

PtRuNiP-300/C 

1.0:3.4:1.8:2.7 

Pt(0) 

71.9 

0.16 

Pt(ll) 

72.8 

0.55 

Pt(IV) 

74.5 

0.29 

PtRuNiP-500/C 

1 .0:4.5 :2.5 :2.7 

Pt(0) 

71.9 

0.27 

Pt(ll) 

72.5 

0.46 

Pt(IV) 

74.4 

0.27 

PtRuNiP-700/C 

1.0:3.4:23:1.7 

Pt(0) 

71.7 

0.28 

Pt(ll) 

72.3 

0.51 

Pt(IV) 

74.4 

0.21 

a  Atomic  ratio. 
b  Binding  energy  (in  eV). 
c  Per  species  (in  at  %). 
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Fig.  5.  The  changes  of  the  ECSA  and  average  particle  size  of  the  four  catalysts. 
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content  of  Pt(0)  relative  to  the  total  quantity  of  Pt  does  not  signif¬ 
icantly  change  from  PtRuNiPa/C  to  PtRuNiP-700/C 

However,  it  is  obvious  that  the  binding  energies  of  Pt  4f  show 
negative  shifts  from  PtRuNiPa/C  to  PtRuNiP-700/C  The  correlation 
of  the  shifts  of  the  Pt  4f  XPS  binding  energies  with  the  electronic 
can  provide  important  information  about  the  relationship  between 
their  structural  and  electrochemical  properties.  It  has  been  exten¬ 
sively  studied  by  some  groups  [42-44]  that  the  reduction  of  the 
metal  particle  size  leads  to  the  positive  shift  of  binding  energies.  In 
the  case  of  PtRuNiP/C  catalysts,  the  negative  shifts  of  binding  en¬ 
ergies  from  PtRuNiP-300/C  to  PtRuNiP-700/C  are  also  the  result  of 
the  particle  sizes  effect.  However,  the  particle  size  effect  cannot 
explain  the  positive  shifts  of  Pt  4f  binding  energy  of  PtRuNiP-300/C 
and  PtRuNiPa/C. 

Based  on  the  combined  experimental  and  theoretical  analysis  of 
the  shift,  Richter  et  al.  proposed  that  the  origin  of  the  initial  or  final 
state  effects  is  connected  to  the  lattice  strain,  and  that  the  binding 
energy  shift  is  related  to  the  degree  of  hybridization  being  larger  for 
shorter  bond  distances  [45  .  It  should  be  noted  that  the  above 
conclusions  were  obtained  on  the  basis  of  the  constant  structure  of 
the  investigated  particles.  As  previously  discussed,  the  structure  of 
PtRuNiP  nanoparticles  changed  from  nanoscale  amorphous  to 
partially  crystalline  phase  when  the  heat  treatment  temperature 
was  increased.  During  the  process,  annihilation  of  point  defects  and 
dislocation  within  the  grains  and  grain  boundary  zones  occurred 
along  with  rearrangement  of  atoms,  which  led  to  the  change  of  the 
chemical  bonding  between  Pt  atoms  with  other  atoms,  and  further 
resulted  in  the  shift  of  binding  energy.  Besides,  from  PtRuNiPa/C  to 
PtRuNiP-700/C,  the  shifts  of  binding  energy  do  not  vary  mono- 
tonically  with  the  particle  size  because  the  structure  of  the  particles 
also  changes.  In  particular,  the  highest  binding  energy  shift  of  Pt  4f 
XPS  in  PtRuNiPa/C  refers  to  the  downshift  of  the  center  of  the  ri¬ 
band  in  respect  to  the  Fermi  level,  which  would  lead  to  the  decrease 
in  the  bond  strength  of  adsorbents  towards  small  molecule  formed 
during  the  oxidation  of  methanol  [46,47  . 

In  the  case  of  ruthenium,  the  Ru  3p  signal  can  be  deconvoluted 
into  three  distinguishable  doublets  with  different  intensities  for 
PtRuNiPa/C  and  PtRuNiP-300/C,  and  two  doublets  for  PtRuNiP-500/ 
C  and  PtRuNiP-700/C  (Fig.  7  and  Table  2).  The  peak  at 
461.9-462.5  eV  is  attributed  to  metallic  Ru  (Ru(0)),  while  the  two 
peaks  at  463.9-464.1  and  466.2  eV  in  all  catalysts  are  assigned  to 
anhydrous  Ru02  and  hydrous  amorphous  RuOxHy  [1,40].  The 
absence  of  RUO2XH2O  in  PtRuNiP-500/C  and  PtRuNiP-700/C  is  as  a 
result  dehydration  of  RuOxHy  with  heat-treatment  at  elevated 
temperature.  As  shown  in  Table  2,  Ru  in  PtRuNiPa/C  and  PtRuNiP- 
300 /C  is  predominately  presented  in  the  oxidation  state,  while 


Binding  energy  /  eV 


Table  2 

Assignments,  binding  energies  (BEs)  and  concentrations  of  Ru  3p  species  in  various 
catalysts  obtained  from  XPS  results. 


Catalyst 

Ru  3p 

BEa 

Concentration 

PtRuNiPa/C 

Ru 

462.5 

0.18 

Ru02 

464.1 

0.64 

RuOxHy 

466.2 

0.18 

PtRuNiP-300/C 

Ru 

462.2 

0.09 

Ru02 

464.1 

0.74 

RuOxHy 

466.2 

0.17 

PtRuNiP-500/C 

Ru 

461.9 

0.84 

Ru02 

463.9 

0.16 

RuOxHy 

— 

— 

PtRuNiP-700/C 

Ru 

462.1 

0.84 

Ru02 

463.9 

0.16 

RuOxHy 

— 

— 

a  Binding  energy  (in  eV). 
b  Per  species  (in  at  %). 


most  of  Ru  in  PtRuNiP-500/C  and  PtRuNiP-700/C  is  in  metallic  state, 
which  would  influence  the  catalytic  activity.  In  addition,  the  shifts 
of  binding  energy  of  Ru  3p  can  be  clearly  observed,  and  the  trend  is 
similar  to  that  of  Pt  4f  binding  energy.  The  result  implies  that  the 
chemical  bonding  between  Ru  and  the  other  atoms  changes  with 
the  heat  treatment  temperature.  The  XPS  spectra  of  Ni  2p  and  P  2p 
are  presented  in  Figs.  S3-S4  and  Table  S1-S2  in  Supporting 
information. 

A  diagram  shown  in  Fig.  8  illustrates  the  evolution  of  the  surface 
and  composition  of  PtRuNiP  nanoparticles.  The  main  structural 
feature  of  PtRuNiPa  nanoparticles  is  a  long-range  disorder  accom¬ 
panied  by  a  short-range  order  [32].  After  the  heat  treatment,  the 
amorphous  phase  is  still  retained,  but  annihilation  of  point  defects 
and  dislocation  within  the  grains  and  grain  boundary  zones  led  to 
the  medium-range  disorder,  i.e.  the  order  range  becomes  longer 
[31],  which  is  complemented  by  the  rearrangement  of  atoms. 
Similar  change  of  order  range  has  been  observed  by  Carlo  and 
Alfredo  in  amorphous  GeSe2  [22].  When  the  heat  treatment  tem¬ 
perature  increased,  the  order  range  became  long,  as  shown  in  the 
structure  of  PtRuNiP-300/C  and  PtRuNiP-500/C.  The  phase  transi¬ 
tioned  from  amorphous  to  crystalline  phase  occurs  once  the  tem¬ 
perature  was  elevated  to  700  °C  where  the  exothermic  peak 
appears.  The  medium-range  order  is  formed  in  PtRuNiP-700/C. 

Cyclic  voltammograms  (CVs)  measured  in  a  nitrogen-saturated 
0.5  mol  L'1  H2SO4  solutions  are  shown  in  Fig.  9.  All  catalysts 
clearly  exhibit  the  characteristic  features  of  PtRu  catalysts  sup¬ 
ported  on  carbon.  It  can  be  observed  on  the  forward  section  of  the 
first  scan  that  there  is  a  hydrogen  desorption  peaks  in  the  low 
potential  region  (-0.03  to  0.297  V),  and  a  peak  at  higher  potential, 
between  0.797  V  and  1.197  V  corresponding  to  the  oxidation  of 
metal  [48  .  On  the  reverse  scan,  the  peak  at  0.737  to  0.567  V  is  the 
characteristic  of  metal  oxide  reduction  and  a  hydrogen  adsorption 
peak  appears  at  low  potential  range  [49].  The  difference  between 
these  four  catalysts  is  the  capacitive  current  in  the  double-layer 
region.  The  capacitive  current  follows  the  order:  PtRuNiP-300/ 
C  >  PtRuNiPa/C  >  PtRuNiP-500/C  «  PtRuNiP-700/C.  The  obtained 
capacitive  current  increases  with  the  RUO2  content.  This  capacitive 
current  in  the  double-layer  region  is  ascribed  to  the  adsorption  of 
oxygen-containing  species  (probably  OH)  on  the  Ru  atoms,  which 
plays  an  important  role  in  the  electrooxidation  of  methanol  50,51  . 

The  electrochemical  surface  area  (ECSA)  is  an  important  factor 
for  the  fuel  cell  reactions  and  the  utilization  ratio  of  electrocatalyst 
is  closely  connected  with  the  ECSA.  The  ECSA  values  of  the  prepared 
catalysts  were  calculated  according  to  the  equation  51,52] : 


Fig.  7.  The  Ru  3p  XPS  spectra  of  the  four  catalysts. 


ECSA  =  Qh/(2.1w) 


(1) 
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Fig.  8.  Schematic  illustration  evolution  of  the  structure  of  PtRuNiP  nanoparticles. 


where  Qh  (C  m-2)  is  the  average  integrated  charge  in  the  hydrogen 
adsorption  and  desorption  peak  (-0.03  to  0.297  V)  area  of  the  CV 
curves  after  subtracting  the  contribution  from  the  double-layer 
region,  w  is  the  Pt  loading  on  the  electrode,  and  2.1  is  the  charge 
(C  nrr2)  required  to  oxidize  a  monolayer  of  hydrogen  on  the 
precious  metal  surface,  respectively.  The  values  of  ECSA  are  listed  in 
Fig.  5,  and  it  can  be  seen  that  the  values  of  ECSA  follow  the  order: 
PtRuNiPa/C  «  PtRuNiP-300/C  >  PtRuNiP-500/C  «  PtRuNiP-700/C. 
The  PtRuNiP  nanoparticles  with  amorphous  structure  have  the 
largest  ECSA  value  among  all  the  prepared  catalysts. 

The  electrocatalytic  activities  of  the  four  prepared  PtRuNiP/C 
catalysts  towards  methanol  oxidation  are  shown  in  Fig.  10.  For 
comparison,  the  activity  of  as-prepared  PtRu/C  was  also  displayed 
in  the  figure.  The  currents  were  normalized  to  the  Pt  +  Ru  loading 
and  ECSA,  corresponding  to  the  mass  activity  and  specific  activity 


respectively.  Onset  potential  and  the  current  of  methanol  oxida¬ 
tion  at  fixed  potential  were  adopted  to  study  of  the  catalytic  ac¬ 
tivity  for  these  four  PtRuNiP/C  catalysts,  and  the  results  are  listed 
in  Table  3.  It  can  be  observed  that  the  onset  potential  of  methanol 
oxidation  on  PtRu/C  electrode  is  higher  than  those  of  the  four 
PtRuNiP/C  catalysts,  suggesting  that  the  presence  of  Ni  and  P  can 
deduce  the  onset  potential  of  methanol  oxidation  on  PtRu  parti¬ 
cles.  As  shown  in  Table  3,  the  catalytic  activities  of  these  four 
catalysts  follow  the  order:  PtRuNiP-300/C  >  PtRuNiPa/ 
C  >  PtRuNiP-500/C  >  PtRuNiP-700/C.  The  trend  of  the  activity  of 
four  PtRuNiP/C  catalysts  is  consistent  with  the  values  of  ECSA.  In 
addition,  the  catalytic  activity  of  PtRu/C  is  in  the  middle  in  terms 
of  the  mass  activity  and  specific  activity,  suggesting  the  appro¬ 
priate  dispersion  of  PtRuNiP  nanoparticles  can  enhance  the  cat¬ 
alytic  activity. 


Potential  /  V  vs.  RHE  Potential  /  V  vs.  RHE 
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Fig.  9.  CVs  of  the  four  PtRuNiP  catalysts  at  N2-saturated  0.5  mol  L  1  H2S04  solution  with  50  mV  s  1  of  a  scan  rate. 
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Potential /V  vs.  RHE 

Fig.  10.  CVs  of  the  all  catalysts  in  0.5  mol  L-1  CH3OH  +  0.5  mol  L-1  H2S04  at  50  mV  s_1 ; 
(a)  and  (b)  are  normalized  by  the  Pt  +  Ru  loading  and  ECSAH,  respectively. 

Fig.  11  shows  the  chronoamperometric  curves  of  the  catalysts 
measured  in  0.5  mol  IT1  H2S04  and  0.5  mol  L'1  CH3OH  at  a  constant 
potential  of  0.797  V.  For  all  catalysts,  the  potentiostatic  current 
decreases  rapidly  in  the  initial  period  of  time  which  can  be  due  to 
the  formation  of  COads  and  other  intermediate  species  during  the 
methanol  oxidation  reaction.  The  current  density  gradually 
decayed  and  a  pseudo-steady  state  was  achieved  over  time;  this 
decay  can  be  attributed  to  the  adsorbed  anion  and  intermediate 
present  on  the  catalyst  surface,  restricting  the  methanol  oxidation 
reaction  [53  .  The  results  demonstrate  that  the  durability  of  these 
four  catalysts  follows  the  following  order:  PtRuNiP-300/ 
C  >  PtRuNiPa/C  >  PtRuNiP-500/C  >  PtRuNiP-700/C,  and  the  dura¬ 
bility  of  PtRu/C  catalyst  is  poorer  than  those  of  four  PtRuNiP/C 
catalysts  in  terms  of  the  specific  activity. 

Based  on  the  above  electrochemical  results,  the  electrocatalytic 
performance  of  the  four  catalysts  shows  a  regular  volcano  trend.  As 


Table  3 

Electrochemical  characterizations  of  the  five  catalysts. 


Catalyst 

The  onset  potential 
of  methanol 
oxidation  (V  vs.  RHE) 

The  specific 
activity  at  0.797  V 
(mA  cm  2) 

The  mass  activity 
at  0.797  V 
(mA  mg  1  PtRu) 

PtRuNiPa/C 

0.367 

0.853 

395 

PtRuNiP-300/C 

0.337 

0.977 

459 

PtRuNiP-500/C 

0.397 

0.526 

178 

PtRuNiP-700/C 

0.397 

0.494 

168 

PtRu/C 

0.451 

0.874 

418 

Time  /  s 


Fig.  11.  Chronoamperometry  curves  normalized  by  the  Pt  +  Ru  loading  and  ECSAH,  of 
the  all  catalysts  in  0.5  mol  L-1  CH3OH  +  0.5  mol  L'1  H2SO4  at  fixed  0.797  V, 
respectively. 


mentioned  before,  the  electrocatalytic  characteristics  including 
activity  and  durability  are  strongly  affected  by  the  surface  atomic 
arrangement  and  configuration  associated  with  terraces,  steps, 
kinks,  and  vacancies  [3,4].  Therefore,  these  four  catalysts  can  firstly 
be  divided  into  two  categories  in  terms  of  the  component  of  Ru 
species  obtained  from  XPS:  i)  PtRuNiPa/C  and  PtRuNiP-300/C,  in 
which  oxidized  Ru  is  the  major  species;  ii)  PtRuNiP-500/C  and 
PtRuNiP-700/C,  where  most  of  Ru  species  is  metallic  state.  More¬ 
over,  the  content  of  RuOxHy  in  PtRuNiPa/C  and  PtRuNiP-300/C  is  up 
to  ca.  18%  (see  Table  2);  while  RuOxHy  isn't  found  in  PtRuNiP-500/C 
and  PtRuNiP-700/C.  It  is  generally  considered  that  the  existence  of 
oxidized  Ru  species  on  PtRu  catalysts  will  result  in  enhanced 
electrocatalytic  performance;  these  oxidized  Ru  species  act  as 
active  centers  for  the  generation  of  Ru-OH  species  which  are 
essential  in  lowering  potentials  for  the  oxidative  removal  of  CO-like 
poisoning  intermediates  from  the  surfaces  of  PtRu  catalysts 
[25,38,54,55].  The  superior  performance  of  the  RuOxHy-rich  PtRu 
catalysts  is  attributed  to  the  uniqueness  of  RuOxHy  as  a  mixed 
electron/proton  conductor  innately  related  with  a  Ru-OFl  specia- 
tion  56].  The  beneficial  effect  of  RuOxHy  on  methanol  electro¬ 
oxidation  was  thereafter  frequently  confirmed  experimentally  by 
several  groups  [57-59].  Based  on  these  reports,  it  can  be  suggested 
that  the  existence  of  RuOxHy  in  PtRuNiPa/C  and  PtRuNiP-300/C  is 
one  of  the  factors  which  lead  to  the  high  catalytic  activity.  More¬ 
over,  the  ECSA  of  PtRuNiPa/C  and  PtRuNiP-300/C  are  larger  than 
those  of  PtRuNiP-500/C  and  PtRuNiP-700/C,  which  can  also 
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improve  the  catalytic  activity.  In  addition,  based  on  XPS  data,  the 
bond  strength  of  adsorbents  towards  small  molecule  for  PtRuNiPa/C 
and  PtRuNiP-300/C  is  lower  than  PtRuNiP-500/C  and  PtRuNiP-700/ 
C,  which  could  result  in  high  catalytic  activity  due  to  rapid  removal 
of  intermediates  to  recover  the  active  sites  [60]. 

On  the  other  hand,  for  PtRuNiPa/C  and  PtRuNiP-300/C,  the  sur¬ 
face  composition  and  ECSA  values  are  almost  same,  and  the  average 
particle  size  of  PtRuNiP-300  nanoparticles  is  larger  than  that  of 
PtRuNiPa,  but  PtRuNiP-300/C  exhibits  higher  catalytic  activity  than 
PtRuNiPa/C.  Why  is  this  so?  Because,  as  shown  in  Fig.  8,  heat- 
treatment  at  300  °C,  annihilation  of  point  defects  and  dislocation 
within  the  grains  and  grain  boundary  lead  to  the  long-range  dis¬ 
order  in  PtRuNiPa  nanoparticles,  along  with  the  rearrangement  of 
atoms.  The  changed  range  of  disorder  alters  the  electron  state 
around  atoms,  which  presents  itself  as  the  slightly  positive  shift  of 
Pt  4f  binding  energy  from  PtRuNiPa/C  to  PtRuNiP-300/C,  implying 
the  bond  strength  of  adsorbates  towards  small  molecules  on 
PtRuNiP-300/C  decreases  compared  to  PtRuNiPa/C,  resulting  in 
increased  catalytic  activity. 

However,  when  the  heat  treatment  temperature  continually 
increase,  the  Pt  4f  binding  energy  shifts  to  lower  value,  indicating 
that  the  bond  strength  of  adsorbents  towards  small  molecules  in¬ 
creases  which  leads  to  low  catalytic  activity.  Thus,  the  catalytic 
activity  of  PtRuNiP-500/C  is  higher  than  that  of  PtRuNiP-700/C. 
From  the  above  results  it  can  be  concluded  that  in  amorphous 
PtRuNiP  nanoparticles,  there  is  an  optimum  range  of  disorder 
which  can  be  controlled  by  thermal  treatment  in  order  to  achieve 
the  highest  catalytic  activity. 

4.  Conclusions 

In  this  study,  the  characterization  results  obtained  using  DSC, 
XRD,  SAED,  TEM,  line-scan  EDS  and  XPS  have  provided  important 
information  to  explain  the  changes  of  long-range  disorder, 
medium-range  disorder  and  medium-range  order  as  a  function  of 
the  thermal  treatment  temperature.  With  the  heat  treatment 
temperature  increase,  the  structure  of  PtRuNiPa  nanoparticles 
changed  from  long-range  disorder  to  medium-range  disorder,  and 
the  PtRuNiP  nanoparticles  became  partial  crystalline  at  700  °C.  CVs 
and  chronoamperometry  were  carried  out  to  study  electrocatalytic 
performance.  It  was  found  that  the  catalytic  activities  as  a  function 
of  the  heat-treatment  showed  a  volcanic  curve  trend  and  reached 
the  peak  when  the  heat  treatment  temperature  was  300  °C  which 
was  caused  by  two  factors,  namely,  the  change  of  surface  compo¬ 
sition  and  the  electronic  effect  which  resulted  from  the  changed 
range  of  disorder.  The  results  are  expected  to  pave  the  way  for 
developing  another  strategy  for  developing  amorphous  multime- 
tallic  nanoscale  catalysts  with  high  activity  and  durability  for 
electrocatalytic  reactions. 
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